Peripheral nerve injury is a common occurrence and represents a major economic burden for society. The development of novel strategies to enhance peripheral nerve regeneration is, therefore, of great relevance. Conventional treatments include surgical repair of the damaged nerves for minor injuries, whereas autologous nerve grafts are required to recover longer interruptions. However, despite great surgical advances, functional recovery is often poor. Although it is well known that the peripheral nervous system has a greater regenerative capacity than the central nervous system and, considering the scientific advancements and knowledge in regenerative medicine, clinical applications appears still limited. This review provides an overview of the methodological approaches currently under study, aimed at enhancing peripheral nerve regeneration. In particular, tissue engineering, cell therapy and pharmacological approaches will be discussed.
INTRODUCTION
Large part of peripheral neuropathies is due to traumatic events that include motor accidents, falls, sportrelated injuries, among others. Transected nerves rapidly undergo Wallerian degeneration, therefore a delayed intervention may limit functional recovery. So far, the surgical treatment appears the first possible therapy; however, type of injury and correct nerve reapposition can dramatically influence the success of surgical interventions. Direct nerve repair (end-to-end) is preferred when the gap along a nerve is short and the two edges of the damaged nerve can be sutured with minimal tension [1] . However, when nerve gap is too long and does not allow an end-to-end repair methodology, the autologous nerve grafting may be necessary. On the other hand, autologous nerve graft is limited by the availability of donor nerves and donor site morbidity [2] . In even more severe cases, when the proximal stump of the injured nerve is unavailable, surgical alternatives may be used, such as end-to-side neurorrhaphy [3] . In any case, finding the right conditions to accelerate nerve rigeneration allows to reach the best results, with complete recovery of sensory-motor functionality. An alternative approach for nerve repair is to develop synthetic nerve conduits to suture the gaps between the proximal and distal nerve stumps and promote nerve regeneration. A conduit for in vivo application should form a suitable environment for nerve regeneration by combining cellular stimulating factors and biodegradability. Moreover, it should be non-toxic and easily made-up in convenient sizes and shapes. In addition, its permeability, swelling and mechanical strength should be tunable, as it is known to play a relevant role for axon elongation in vivo. Finally, an ideal scaffold for nerve regeneration should combine mechanical properties to prompt Schwann cell (SC) adhesion and proliferation, as well as axon elongation.
STRUCTURAL COMPONENTS FOR NERVE REPAIR
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Nerve conduits (NCs) represent a promising alternative to conventional treatments for peripheral nerve repair. Materials for NC production should be biodegradeable, possess adequate mechanical properties, and allow exchange of nutrients. NCs must fulfill several requirements, as they should 1) be biocompatible, 2) have sufficient mechanical stability during nerve regeneration, 3) be flexible, 4) be porous, to ensure supply of nutrients, and 5) degrade into non-toxic products after bridging the gap, to prevent long-term inflammation. Biodegradable NCs have been made out of various materials of either biological or synthetic origin. Natural-derived materials have good cell compatibility, but they often need extensive purification. Furthermore, the majority of them lacks adequate mechanical strength and water stability [4] .
Natural Compounds
Natural polymers are advantageous materials for tissue engineering of nerves as they are biocompatible and favor migration of supporting cells avoiding toxic effects. However, their poor mechanical properties and the relatively fast biodegradation in vivo generally limits their applications as materials constituent of external tubular structures. Natural compounds preferentially used are: collagen, gelatin, silk fibroin, alginate, chitosan, agarose and hyaluronic acid [5] .
We performed experiments using two types of experimental paradigms of sciatic nerve regeneration. In one modality, sciatic nerves were exposed at their exit from under the gluteus muscle (Figure 1(A) ) and excised. In a first approach, we practiced the end to end regenerative condition, in which in the two stumps of the sharply cut nerve were sutured, perfectly aligned, with a nylon thread (9/0) (a procedure called neurorraphy) (Figures  1(B) and (C) ). In same animals, the sutured site was surrounded by a sleeve made of a biological substrate, the ester of hyaluronic acid (HYAFF-11, or hyalophill; Fidia Farmaceutics, Abano Terme, PD, Italy) (Figure 1(D) ), which was instead omitted in animals used as controls. In the second paradigm, we resected about 1 cm of the nerve (Figures 1(G) and (H) ) and connected the two stumps with tube made of purified porcine collagen I and III (Figures 1(I) and (L) ). Rats were killed three months after surgery and the part of the nerve distal to the injury site was cut into transverse semithin and ultrathin sections for light and electron microscopy investigation, respectively. At this time, nerves appeared reconstituted (Figures 1(E) and (F) ), neurorraphy + hyalophill paradigm), as the two stumps were perfectly re-connected.
By morphological analysis on semithin sections, we observed a partial regeneration of myelinated and unmyelinated axons, in both neurorraphy without (Figures  2(A)-(C) ) and with (Figures 2(D) and (E)) hyalophill application. However, a higher degree of axon myelination and restoration of pre-surgery conditions was evident in those nerves treated with the biological compound. In both conditions, re-myelinated axons were more evident at the outer border of the nerves (Figures 2(A) and (B This characteristic was more evident in the hyalophilltreated specimens, as the amount of more centrally located unmyelinated axonal figures was predominant. Quantitative analysis, obtained by counting the number of myelinated axons over the total, showed a significant increase in axon regeneration and myelination in nerves treated with hyalophill, compared with the control (Figure 2(F) ). Differently from these two conditions, sciatic nerves re-grown into the collagen tube appeared regenerated, with largely re-myelinated axons (Figures 2(G) and (H)). These observations were in accord with the fol- lowing ultrastructural analyses. Nerves sutured without addition of hyalophill showed several regenerated axons, mostly grouped inside one fascicle, usually surrounded by abundant collagen (Figure 3(A) ), and intervalled by regenerated small unmyelinated fibers. Recovered myelin sheaths, however, appeared a bit loose at points, suggesting a non-perfect assembly, or an ongoing reorganization. Numerous axons were, instead, characterized by different degrees of suffering (Figure 3(B) ), with some of them collapsed and encircled by disrupted or extremely disarranged myelin sheaths. These figures could represent different stages of abortive regeneration, as also suggested by numerous fascicles formed by completely degenerated axons embedded in remnants of myelin-based material (Figure 3(C) ). Alternatively, they may be expression of an altered cross talk between neurons and SCs, which are not able to form a proper myelinating coat. In the experiments of neurorraphy with OPEN ACCESS addition of hyalophill, regenerated myelinated axons were characterized by a thick and compact myelin sheath (Figure 3(D) ) and others were in the process to complete their myelination (Figure 3(E) ). However, clusters of degenerating axons, usually intermixed with healthy ones, were also observed (Figure 3(E) ). In the second experimental paradigm, which makes use of the collagen tube, myelinated axons were almost all perfectly regenerated, with thick and compact myelin sheaths. Some of them, usually the smaller diameter axon still displayed a thin rim of myelin, in the process of completing its formation (Figure 3(H) and inset). Phagocyte figures of axonal debris within SCs were occasionally observed ( Figure  3(I) ), as well as degenerating axons (Figure 3(L) ). Differently from the other two treatments, however, degenerating axons were encircled by an apparently healthy myelin sheath, suggesting the intervention of connectivity problems only after axon regeneration had successfully occurred. All these results corroborate and reinforce what has been described in the literature, indicating a beneficial role of biological substrates applied to the site of damage and collagen scaffold on axonal regeneration. Moreover, our data strongly suggest that collagen conduits, although applied to severely damaged nerves (resection of a consistent portion of the nerve), are more efficient for axonal regeneration than external application of biological compounds.
In some cases, a combination between natural and synthetic polymers has been proposed, to join the biocompatibility of natural components with the mechanical performance of the synthetic material [6] . More natural polymers have been used as inner fillers for NCs, in the form of fibers, channels, porous sponges, or hydrogel matrices as delivery vehicles for cells, growth factors, or pharmacological drugs. Moreover, the inner layer can covalently bound RDG peptides (Arg-Gly-Asp), sequences typically present in extracellular matrix components (ECM) such as laminin and fibronectin. Adhesion of RDG peptides to natural or synthetic scaffolds may represent an alternative approach to the use of native ECM proteins able to promote cell adhesion and axon elongation [7] .
Synthetic Polymers
Recent research has focused on the production of artificial nerve guides, which can degrade within the host with just a mild reaction. Biodegradable materials offer several advantages, such as the possibility of incorporating SCs, or bioactive molecules, through physicochemical modifications of the polymers, and deliver them during biodegradation. Another interesting property is that their flexibility, biocompatibility, mode of degradation, porosity and mechanical strength may be changed by modifying their chemical properties [5] .
Scaffolds of polyglycolic acid (PGA), poly-DLlactide-caprolactone (PLCL) and poly [(lactic acid)-co (glycolitic acid)-alt-(L-lysine)] (PLGL)
, are used as NCs, but present some limitations, such as induction of inflammation and local concentration of acid residues deriving from their biodegradability in the surrounding tissues [8] . In alternative, hydrogels can be considered an interesting option to rigid hydrophobic materials.
For example, poly(amidoamines) (PAAs), synthetic water-soluble polymers, are biocompatible and the products derived from their biodegradability are not toxic [9] . Several PAA hydrogels have been tested with success as substrates for culturing cells as SCs or dorsal root ganglia (DRG) neurons [10, 11] .
CELL AND TISSUE THERAPY
Although novel approaches have largely improved the knowledge on the type of nerve conduits more appropriate for nerve regeneration, their use is limited in the case of too long (>0.7 cm) nerve gaps. Under these circumstances, nerve auto-grafts, or the muscle-in-vein approach (described ahead) appear, so far, the best solutions for repairing this type of nerve injury [12] . Recently, great attention has been focused on the use of natural or synthetic conduits, enriched in different cell types, which may contribute to nerve regeneration.
Muscle-in-Vein
To improve nerve repair, the possibility of a conduit obtained combining a vein tract with fresh skeletal muscle fibers, has been largely experimented by several authors [13, 14] . The rationale of the muscle-in-vein approach is that muscle prevents vein collapse, while the vein wall prevents axon dispersion and represent a natural tube, within which axon elongation can occur [13] . On the other hand, the use of fresh muscle fibers appear relevant, if considering that muscle basal lamina enhances the migratory properties of resident SCs. In fact, it has been demonstrated, by confocal microscopy, that SCs and regenerating axons successfully colonize the muscle-invein grafts already two weeks after surgery [15, 16] . Moreover, in muscle fiber denervation, as well as in SCs deprived of their axons, over-expression of neuregulin (NRG)/erbB receptors has been observed [17] . Overexpression of this gliogenic factor and of its receptors appears relevant for supporting Schwann cell proliferation, indicating that the muscle-in-vein approach enhances nerve regeneration because it supports Schwann cell proliferation and migration.
Schwann Cells
It is well known that the peripheral nervous system (PNS) has a greater regenerative capacity than the central one (CNS). It is thought that this different regenerative capacity is due to a greater permissive environment in the PNS respect to the CNS, which is likely to be provided by SCs. These have a repertoire of physiological roles, including protection and regulation of nutritive exchanges with axons, myelin production and digestion of axon and myelin debris under pathological conditions. SCs help peripheral nerve regeneration, considering their ability to proliferate, migrate and release growth factors during development or after nerve lesion. Nerve injury alters the SC-axon interaction, which results in SCs de-differentiation and activation of their growth-promoting phenotype. At the proximal stump of a cut nerve, SCs re-enter in proliferative state and produce several substances, such as laminin, integrins and growth factors [18, 19] . Morover, SCs form the bands of Büngner, important structures for directing regenerating axons across the lesion site [20, 21] .
Tissue engineering techniques may offer a potential solution to clinical problems by favoring seeding of SCs in artificial nerve conduits [22] . In fact, several experimental evidences showed that SCs may be cultured and expanded on nerve conduits, such as the PLGL-RGD peptide conjugated or polyamidoamine hydrogels [8, 11, 23] . However, cultured SCs have limited clinical applications. The requirement of nerve donor material evokes additional morbidity and the time required to culture and expand the cells would delay the treatment. Instead, the ideal transplantable cells should be easily accessible, proliferate rapidly in culture and successfully integrate into the host tissue with immunological tolerance [24] .
Mesenchimal Stem Cells
Mesenchimal stem cells (MSCs) are an attractive cell source for nerve tissue regeneration, as they are able to self-renew with a high growth rate and possess multi potent differentiation properties. There are also some evidences indicating that the MSCs may be non-immunogenic, or at least hypo immunogenic [25] . MSC fibroblast-like cells can be isolated from the stromal cell population found in a number of tissues. In particular, bone marrow and adipose tissue have been identified as main sources of these cells [26, 27] . Currently, adipose tissue appears the most promising source of MSCs, considering that it can be easily and non-invasively lipoaspirated from the patient. Recent studies have shown that, following differentiation with a cocktail of growth factors (bFGF, PDGF, GGF-2), MSCs express Schwann cell markers such as GFAP, low affinity neurotrophic factor receptor p75, and calcium binding protein S 100 beta [22] . It is of considerable clinical relevance to address the differentiation of human-derived MSC into SC-like cells. This alternative source of cells, which is relatively simple to isolate and expand in culture, may be easily obtained from the same patients affected by nerve injury and, once addressed to the SC phenotype, represents an excellent tool to support and guide nerve regeneration in combination with appropriate scaffolds.
Olfactory Ensheating Cells
Olfactory unsheathing cells (OECs) are glial cells associated to the olfactory system displaying SC or astrocyte-like cell properties [28] . They support axons originating from olfactory epithelium and projecting into the olfactory bulb. Considering the great difficulty of CNS to regenerate axons, it appears relevant that, after olfactory nerve transection, cell regeneration in the olfactory epithelium is facilitated by the close association with OECs [29, 30] . OECs normally do not form myelin, but they can do so after transplantation into demyelinated lesions. OECs are also able to produce neurotrophic factors, such as nerve growth factor (NGF) and brain derived-neurotrophic (BDNF), and have great migratory ability [31] . For these and other reasons, transplantation of OECs has been considered as an alternative source of cell-supporting peripheral nerve repair. Several researchers have already collected OECs from the olfactory bulb, supporting the idea that these cells may provide a potential autologous source of cells to reduce the risk of immunological rejection in case of auto-transplantation [32] . Corroborating this hypothesis, is the demonstration that OEC engraftment into axotomized facial nerve enhances axonal sprouting [33, 34] .
ADDITIVE COMPOUNDS
Medical treatments have achieved limited success in restoring functions to severely injured nerves. The combination of synthetic conduits and chemical molecules able to promote neurite outgrowth (e.g. NGF) has been recently considered as an additional strategy to better enhance nerve regeneration [23] .
Neurotrophic Factors
Neurotrophic factors are a family of growth factors playing important roles in the natural process of nerve growth and regeneration [35] . Principal factor of this family is the nerve growth factor (NGF), first isolated by Levi Montanlcini in 1950 [36] . NGF prevents, or reduces, neuronal degeneration in animal models of neurodegenerative diseases [37] and appears to be involved in several psychiatric disorders [38] . As suggested by in vitro and in vivo studies, NGF enhances peripheral nerve regeneration and promotes myelin repair [39] . Considering its multiple functions, it has been proposed its potential use in peripheral nerve repair therapies. As above reported, the introduction of SCs into natural or synthetic scaffolds, in order to support and guide nerve regeneration, has been proposed based on the fact that SCs are main NGF producers [40] . However, studies orientated toward the identification of new and sophisticated NGF delivery system to mimic the natural process of secretion are emerging. First evidences indicate that a controlled release of NGF by microspheres, or by adenoviruses expressing this factor, increases the functional recovery of injured peripheral nerves, although the organic solvent used for the NGF-microspheres production might compromise NGF activity [41] , NGF directly added within nerve conduits may be an alternative for local treatments. NGF immobilized on gelatin membranes, or PLGL scaffolds, promotes Schwann cell adhesion and survival in vitro and neurite outgrowth from pheochromocytoma (PC12) cells, indicating this approach potentially useful for the generation of nerve conduits for clinical nerve repair [23] .
Glial Growth Factor
Glial Growth Factor (GGF) is factor produced by neurons, known to stimulate glial cells growth and differentiation and SC proliferation. Considering the role of SC in peripheral nerve development and regeneration, it appeared relevant to evaluate the ability of this factor in peripheral nerve regeneration [42] . GGF, introduced into conduits used to repair 2 -4 cm peroneal nerve gaps in rabbit, caused an increase in SC number, accompanied by significant axonal regeneration [43] .
Acetylcholine Mimetics
Acetylcholine (ACh), is the main neurotransmitter in the CNS and PNS. However, when released from growing axons, ACh is capable of regulating growth, differentiation and plasticity during nervous system development [44] . Moreover, it can act either both as stimulatory or inhibitory signal, as chemoattractant in spinal and sensory neurons [45, 46] and a direct regulation of ACh on neurite elongation in chick sensory neurons has been reported [47, 48] . ACh can also control SC development; in fact, when it binds to muscarinic receptors type-2 (M2), ACh can arrest SC proliferation and promote their differentiation [49, 50] . Considering the dual role of ACh as modulating factor for neurite outgrowth and SC development, it may be relevant to investigate the potential effect of ACh in peripheral nerve regeneration. ACh is usually rapidly hydrolyzed by acetylcholinesterase and butirrylcholinesterase, largely produced in several tissues other than the nervous system. For this reason, addition of ACh to synthetic conduits may be not a successful strategy. In alternative, ACh mimetics are not hydrolyzed and for this reason they are more stable and may be used as additive compounds in combination with specific scaffolds. The potential application of ACh-like biomaterials in neural tissue engineering has been poorly investigated. More recently, it has been reported that ACh-like biomimetic polymers can promote neuritic sprouting and extension in explanted DRGs, and growth of hippocampal neurons [51, 52] . Thus, ACh mimetics associated to appropriate scaffolds may be potential new biomaterials to further investigate nerve repair in PNS as well as CNS.
CONCLUSION
Improvement of nerve regeneration and the outcome of clinical microsurgery in the treatment of nerve injuries have a great relevance in term of social impact. Several aspects require specific attention in the clinical treatment of the patients, among which the timing of nerve reconstruction. In fact, delay of nerve injury treatment may cause neurobiological alterations in neurons and Schwann cells, impairing nerve functional recovery and affect neuron survival. Although conventional nerve reconstruction techniques used in clinical practice can largely contribute to treat nerve lesions, the outcome is generally insufficient. Tissue engineering and nanotechnology are suggesting new research therapeutic approaches, potentially orientated to accelerate nerve regeneration and recovery of nerve functionality. As discussed in this review, most significant advances in nerve repair and regeneration have been achieved. Therefore, each of the therapeutic approaches discussed appears limited. More recent studies report that combined treatments are more promising therapies. In fact, the use of an appropriate scaffold integrated with cells (i.e. autologous mesenchimal stem cells differentiated in SCs) and growth factors may represent the successful strategy to achieve better results in the clinical treatment of the peripheral nerve lesions.
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